Evapotranspiration integrates atmospheric demand and surface conditions. The Penman-Monteith equation was used to calculate annual and seasonal reference evapotranspiration (ET 0 ) and thermodynamic and aerodynamic components (ET rad and ET aero ) at 77 stations across northeast China, 1961China, -2010. The results were: (1) annual ET rad and ET aero had different regional distribution, annual ET rad values decreased from south to north, whereas the highest ET aero values were recorded in the eastern and western regions, the lowest in the central region; (2) seasonal ET aero distributions were similar to seasonal ET 0 , with a south-north longitudinal pattern, while seasonal ET rad distributions had a latitudinal east-west pattern; and (3) in the group for ET 0 containing 69 sampling stations, effects of climatic variables on ET 0 followed sunshine hours > relative humidity > maximum temperature > wind speed. Changes in sunshine hours had the greatest effect on ET rad , but wind speed and relative humidity were the most important variables to ET aero . The decline in sunshine duration, wind speed, or both over the study period appeared to be the major cause of reduced potential evapotranspiration in most of NEC. Wind speed had opposite effects on ET rad and ET aero , and therefore the effect of wind speed on ET 0 was not significant.
Therefore, analysis on contributions of these meteorological variables to changes in ET 0 is essential to help discriminate the main driving forces causing variation in ET 0 across NEC.
NEC is the most important agricultural region in China and has shown great sensitivity to shifts in climate. NEC has experienced a 0.38 W C 10a À1 increase in mean air temperature over the past 50 years (Yang et al.  
MATERIALS AND METHODS

Study area
NEC is an important agricultural and economic region (NBSC, 2001 (NBSC, -2008 
Statistical analysis
Linear regression analysis and testing
Generally, the linear trend of a time series can be estimated by the least-squares method and can be expressed as: 
Cluster analysis
Cluster analysis is sometimes useful in an analysis of variance to split the variables into reasonably homogeneous groups. This approach is illustrated for several sets of data, and a likelihood ratio test is developed for judging the significance of differences among the resulting groups. The number of climatic variables significantly contributing to ET 0 or its components differed at 77 stations over NEC. In order to reduce the number of important factors and similar regional classifications, the selected key climatic variables were placed into clusters on the basis of their similarity or dissimilarity. The similarity of two objects was determined using the degree of similarity, which was based on the sensitivities of similar climatic variables in the study region (Edwards & Cavalli-Sforza ) . Then sub-samples of the resulting clusters (two and four classes) were collected so that any uncertainty in the data could be represented. All statistical analyses were carried out at a regional scale over the past 50 years using SPSS 17.0.
Spatial interpolation
To evaluate the spatial distribution and trends of ET 0 , ET rad , and ET aero , the linear trends were used to interpolate the variables using the inverse weighted distance (IWD) method. IWD interpolation is characterized by fitting a smooth and continuous surface to the observation points, and does not need a preliminary estimate for the structure of temporal variance and statistical hypotheses (Zhu et al.
).
Generally, IDW gives the lowest mean error among the three common interpolation methods (Zhao et al.
)
and so was used in this study.
RESULTS
Variations in ET 0 and its components
Annual variations
Monsoons are very complex, which means that the study region contains a wide variety of micro-climates which affect crop growth and developments. Generally, at a seasonal scale, the contribution of the spring and autumn radiation components was about 1.3 times that of the aerodynamic component. In contrast, the ratio between the radiation and aerodynamic components was about 4.0 in summer, but only 0.5 in winter (Table 2) .
In Figure 4 , the white area represents negative trends and the gray area positive trends for seasonal ET 0 and its components between 1961 and 2010. As before, the trends which were significant at the 95 or 99% levels are marked with different sizes of black dots. In general, seasonal 
Relationship between components
The changes in ET rad /ET 0 and ET aero /ET 0 contributions with latitude and longitude are shown in Figure 5 . Due to the decline in ET rad from south to north (Figure 2(b) ), the proportion contributed by ET rad to ET 0 tended to increase with latitude, although the maximum ratio occurred around Linjiang and Kuandian. The proportion contributed by ET aero /ET 0 tended to decrease and showed a spatial 
Cluster analysis to ET 0
From a stepwise regression analysis, the climatic variables that reached the 95% significance level were selected. The effects of changes in these climatic variables on ET 0 were analyzed by cluster analysis using two classifications. The classifications were based on climatic-variable quality characteristics and their sensitivity to ET 0 . The 77 sampling sites were placed into two groups using a classification in which each group contained sites with statistically similar characteristics. The distribution of climatic variable sensitivities in NEC is shown in Figure 6 (a)-6(c).
After stepwise regression analysis, climatic variables of similar sensitivity were classified into four types. Figure 6(a) shows that all the sampling sites in Group 4-1, with 41 sampling sites, were sensitive mainly to SH, RH, T max , and When clustering into two classes, 74 sites were classified into Group 2-1 and three sites into Group 2-2. Most sampling sites in Group 2-1 were sensitive to SH, RH, T max , and WS. However, the climatic variables did not affect ET 0 uniformly in Group 2-2 ( Figure 6(b) ).
Cluster analysis to ET rad and ET aero
Similarly, cluster analysis into two groups was used to analyze the sensitivity of the effect of changes in climatic variables on ET rad and ET aero , as shown in Figure 7 . The analysis showed that in all groups, changes in SH always had the most important effect on ET rad . The 40 sites in Group 4-1 were located mainly in Heilongjiang, whereas 20 stations from Jilin made up Group 4-2, and 14 stations were in Group 4-3. The maximum contribution to ET rad was made by SH, WS, and T max , but these variables were differently arranged in different groups. The remaining three stations were included in Group 4-4, where RH had less effect (Figure 7(a) ). In Group 2-1, containing 60 stations, SH, WS, and T max made equal contributions to ET rad . The remaining 17 stations were clustered in Group 2-2, which was slightly more affected by relative humidity (Figure 7(b) ).
Generally, relative humidity had little effect on ET rad .
When the stations were clustered into four types, WS had the most important effect on ET aero (Figure 7 (c)-7(d)).
There was a clear distinction between Group 4-1 and the other three types. WS, RH, and T max had the greatest effects in Group 4-1, containing 65 stations. These stations were located mainly in Heilongjiang. When the results were clustered into two groups, the major difference was whether air pressure had a significant impact on ET aero . In Group 2-1, all the variables had similar correlations (69 stations). The greatest effects were due to WS and RH, similarly to Group 4-1.
DISCUSSION
In this study, ET 0 and its thermodynamic (ET rad ) and aero- Climate change has the potential to affect all of these factors in a combined way. In a warming climate scenario, the most common argument is that a warmer atmosphere will be able to hold more water, and evaporation will there- Zhang et al. a). However, the spatio-temporal variability of these changes is considerable, with trends changing sign even over short distances. A decrease in ET 0 clearly points to changes in atmospheric water and therefore to changes in the climatic parameters that drive evapotranspiration.
Declining ET 0 rates appear to be due to decreases in solar radiation and wind speeds, whereas temperature actually has a smaller than expected effect at the single-station level (Thomas ), especially in China (Gao et al. ).
Although Xu et al. (b) found that local land-cover change was the primary cause of decreasing wind speeds, it is still uncertain whether genuine large-scale regional changes in global circulation are taking place. Knowledge of which climatic variables influence the evaporative environment on a regional scale is currently limited, especially in NEC. Therefore, sensitivity analysis is important for understanding the relative impact of changes in climatic variables on regional variation. Cluster analysis was performed in this investigation to identify changes in the meteorological variables that affect ET 0 and its components. The 77 sampling sites were classified by placing them into two or four groups with similar characteristics.
For ET 0 , the regional sensitivity ranking was SH > RH > T max > WS. SH had the most important effect on ET rad over the whole region, whereas WS and RH had the most important effects on ET aero . Previous studies have suggested that south of 35 W N, sunshine appears to be most strongly associated with evapotranspiration changes, whereas wind speed, relative humidity, and maximum temperature are the primary factors in NEC (Thomas ).
CONCLUSIONS
On a regional basis, the annual ET rad and ET aero had opposite regional distribution patterns. Annual ET rad decreased with increasing latitude from south to north, whereas ET aero was highest in the eastern and western regions of NEC. Seasonal ET 0 distributions were similar to seasonal ET aero distributions and exhibited a longitudinal east-west trend, whereas seasonal ET rad distributions had a latitudinal south-north trend. The 77 sampling sites were placed into similar groups according to similarities in driving forces based on climatic variables. There were 69 sampling sites in Group 2-1 for ET 0 , while the variable change sensitivity followed the order SH > RH > T max > WS. Sunshine (SH) was always the most important variable affecting ET rad , whereas WS and RH primarily affected ET aero . Wind speed had opposite effects on ET rad and ET aero , so the effect of wind speed on ET 0 was not significant.
